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Facultat de F́ısica, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spain.
Advisor: Dra. Mercè Romero-Gómez
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In early 2020, studies using Gaia DR2 provided us with information about all the visible clusters
existent in the Milky Way. Two of them stood out for having high latitude, namely Berkeley 20
and Berkeley 29. The goal of this study is to shed some light into the clusters origin using orbital
analysis. The results indicate that these old, high latitude clusters have almost circular orbits around
the Galactic centre which seem to confirm the disc origin. We also conclude that Berkeley 20 value
of Z is purely coincidental, given its uniform distribution across all ranges of latitude. Berkeley 29
positive value of Z suggests that the line-of-nodes of the Galactic plane does not correspond to the
one imposed in the warped models, given its distribution on the XY projection.
I. INTRODUCTION
Before Gaia (ESA) took the challenge of creating an
extremely precise map of the Galaxy, we did not have
much evidence about the farthest clusters and stars that
form the Milky Way. During fourteen months, Gaia gath-
ered astrometric (positions) and photometric (mean GBp
and GRp magnitudes) data from 1.14 billion sources and
in 2016 Gaia revolutionised modern astronomy with the
publication of precise information of the well-known open
clusters in the first Gaia Data Release [1]. Later, Gaia
DR2 [2] provided precise astrometric (positions, paral-
laxes and proper motions) and photometric (mean G, Bp
and Rp magnitudes) data for 1.3 billion sources. This in-
valuable and unprecedented amount of information has
led to the precise characterisation of well-known open
clusters and the discovery of new ones. Recently, and
using Gaia DR2 information, [3] provided us with a col-
lection of the mean parameters of the 1481 clusters iden-
tified in the Milky Way together with an updated mem-
bership. Some of these parameters are useful to make a
kinematic study of stellar clusters. We noticed that two
clusters stand out for their high latitude. These clusters
are Berkeley 20 and Berkeley 29 and these are the object
of our study. Their singular position rise debates among
the scientific community as some suggest they come from
the halo while others defend that they are from the disc
[3],[4]. Berkeley 29 is above the Galactic plane when it
is in the down side of the warped disc, while Berkeley 20
is far below the disc than expected.
The goal of this work is to help disentangling the origin
of the before mentioned clusters by making an orbital
analysis. To do so, we used the catalogue of [5] and [6]
that gather the mean positions, mean velocities and mean
ages of 1481 open clusters, and Berkeley 20 and Berkeley
29 among them. This is the right time to perform such
study because with Gaia DR2 astrometric data together
with spectroscopic on-ground surveys, we can gather the
6D information of an open cluster for the first time with
enough accuracy to perform an orbital analysis.
II. DATA SELECTION
The first step of this project was to make a clear dis-
tinction between the clusters we wanted to include. The
two outer-disc ones are Berkeley 20 and Berkeley 29,
which have values of Z of −4.301 kpc and 2.672 kpc re-
spectively. To be able to compare the orbital analysis
result of these two open clusters with the one of a typical
thin disc cluster, we choose IC2391 as an open cluster in
the Solar Neighbourhood with well-studied and expected
disc properties.
From this data we extracted plots for the XY and YZ
plane and we located those clusters (see Fig. 1).
FIG. 1: XY (left) and YZ (right) projection of the total sam-
ple of open clusters. We highlight the open clusters selected
for this study: Berkeley 20 (Red), Berkeley 29 (Blue) and
IC2391 (Green).
III. DISC GALACTIC MODELS
We use three different Galactic models [7] to com-
pute the clusters orbits. The Flat Model (F ) describes
the Galactic disc as a flat disc using the traditional
Miyamoto-Nagai disc [8]. The results of this model are
low-Z flat discs. The Symmetric Warped Model (S ) tilts
the orbit with an angle that only depends on the ra-
dius (R). The result is a disc with Z increasing with
galactocentric radius R following a power law (see Eq.
1), where one side of the disc goes up and the opposite
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goes down symmetrically with an S-shape. The Lopsided
Warped Model (L) also tilts the orbit, but its angle de-
pends on the radius (R) and the galactocentric azimuth
(θ). Again, the result is a bent disc with a typical S
shape but with different amplitudes from the up and
down side. We can describe the model using the tilt




0, R ≤ R1
( R−R1R2−R1 )
α, R1 < R < R2
1, R ≥ R2
(1)
where R1 and R2 are the initial and final warp radius
and α = 1.2. In addition, ψ(θ) is:
ψ(θ) =
 0, if Fψ2, if S(A+Bsin(θ)), if L (2)
where ψ2 is a constant value that represents the ampli-





2 , with ψup and ψdown as the maximum
amplitudes of the warp at the up and low side, respec-
tively. We give values of ψ2 = 7.5 deg for the symmetric
warp and ψup = 7.5 deg and ψdown = 4.25 deg for the
lopsided warp.
IV. METHODOLOGY
We first compute the mean input parameters and,
then, the orbit calculation.
A. Data processing
Cantat-Gaudin & Anders [3] provide the mean astro-
metric and spectroscopic values for the analysed open
clusters. We downloaded the data from the Vizier site
[15]. The mean values corresponding to Berkeley 20,
Berkeley 29 and IC2391 are given in Table I, where we
also include the Log(age) in the last column and it will
be used as the integration time (see next section).
In order to perform orbital analysis, we need to trans-
form the equatorial heliocentric coordinates to Cartesian
galactocentric coordinates, as in the Galactic models seen
in the previous section. To perform such transformation,
we use a Fortran code [16] that allows coordinate trans-
formations for both positions and velocities. Thus, after
applying the corresponding transformations, we obtain
the mean positions and velocities: (X,Y, Z, V x, V y, V z)
for each cluster. The positions are given in kpc and ve-
locities in km s−1. The adopted value for the Solar radius
from the Galactic centre is Rsun = 8.43 kpc and the cir-
cular velocity at the Solar radius of Vc(Rsun) = 240 km/s
[9]. The peculiar motion of the Sun with respect to the lo-
cal standard of res is (U, V,W ) = (11.1, 12.24, 7.25) km/s
[10]. We repeat this process for the three clusters.
Cl. ᾱ δ̄ dmode µ̄α µ̄δ V̄R age
[deg] [deg] [kpc] [mas/yr] [mas/yr] [km×s−1] [log]
B20 83.2 0.19 14.44 0.81 -0.24 79.5 9.73
B29 103.3 16.9 19.24 0.15 -1.01 24.8 9.48
IC2391 130.3 -53.0 0.15 -24,64 23.32 14.54 7.47
TABLE I: Mean input variables in heliocentric equatorial co-
ordinates for each of the open clusters for the orbit calcula-
tion.
B. Orbit calculation
In this section we perform the orbit integration for each
of the open clusters, namely Berkeley 20, Berkeley 29 and
IC2931. We use as initial conditions the mean values of
each cluster in Cartesian galactocentric coordinates. We
use a Runge-Kutta of order 7-8 with variable time-step
to perform the orbit integration. For Berkeley 20 and
Berkeley 29 we integrate backwards in time until the age
of the cluster. As for IC2391, it is a young cluster of 48.5
Myr, thus it has performed less than 1/4 of a revolution.
To be able to compare with Berkeley 20 and Berkeley
29, we integrate backwards 1 Gyr, and we highlight in
different colour the actual age of 48.5 Myr. In Figs. 2, 3
and 4 we show the XY and YZ projections of each of the
open clusters orbits.
Additionally, for each open cluster orbit, we write
a Fortran code, that computes the orbital parameters,
namely maximum, minimum and mean values for the
galactocentric radius, R, and altitude with respect to the
galactic plane, Z. We also compute the eccentricity de-
fined as e = (Rmax−Rmin)/(Rmax+Rmin). The results
for each open cluster are given in Table II.
Cluster M Zmax Zmin Zmean Rmax Rmin Rmean e
B20 F 5.05 -5.03 -0.11 21.99 13.99 17.90 0.22
S 8.16 -7.38 -0.12 22.18 13.46 17.57 0.24
L 6.24 -7.51 -0.11 22.27 13.55 17.73 0.24
B29 F 3.09 -3.37 -0.07 28.17 11.22 18.99 0.43
S 10.99 -15.17 0.45 26.99 10.67 18.43 0.43
L 9.84 -13.46 0.52 26.56 11.31 18.59 0.40
IC2391 F 0.00 -0.00 -0.00 8.60 7.75 8.19 5.19E-2
S 0.08 -0.09 -0.00 8.60 7.76 8.17 5.10E-2
L 0.14 -0.12 0.00 8.59 7.77 8.17 5.02E-2
TABLE II: Orbital parameters for each of the open clusters,
Berkeley 20, Berkeley 29 and IC2391, specified in columns
3 to 9. In column 2, M shows with which Galactic model
we obtain the orbital parameters: F for Flat model, S for
Symmetric warp model and L for Lopsided warp model.
V. RESULTS AND ANALYSIS
In this section we analyse the orbits of each cluster.
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A. IC2391
We use IC2391 as a test cluster with a well-known
disc origin. It is currently located in the immedi-
ate Solar neighbourhood at heliocentric coordinates of
(X,Y, Z) = (0.001,−0.15,−0.018) kpc. In Fig. 2 we
show the XY projection (left panel) and the YZ projec-
tion (right panel) using the Flat model. We only include
the results for one model because the at present position
of the cluster has a Galactocentric radius R < R1, where
R1 is the initial radius of the warp. In this case, the three
models coincide with the Flat model. We show the or-
bit that described the cluster during its lifespan in black
and, with red colour, a simulated trajectory of 1 Gyr
that lets us show several disc revolutions, as mentioned
in Sect. IV B.
As expected, IC2391 has an almost circular orbit
around the Galactic centre with a small excursion above
and below the Galactic plane, of the order of few par-
secs. In the following sections, we analyse the peculiar
clusters Berkeley 20 and Berkeley 29 and we use IC2391
as a reference.
FIG. 2: Flat model for IC2391, Left : XY projection. Right :
YZ projection. In red the orbit during 1 Gyr. In black, is
shown the orbit from the present time to its birth.
B. Berkeley 20
In Fig. 3 we show the XY (top panels) and YZ (bot-
tom panels) projections of the orbit followed by Berkeley
20 computed using the three Galactic models described
in Sect. III, namely the Flat model (F ), the Symmetric
warp model (S ) and the Lopsided warp model (L) (left,
middle and right panels, respectively). The XY projec-
tion is colour-coded by the distance Z to the Galactic
plane and the black dot marks the present position, while
the YZ projection is colour-coded by the backwards inte-
gration time, being zero the present time. We currently
find the cluster in the heliocentric Cartesian coordinates
(X,Y, Z) = (−12.6,−5.5,−4.3) kpc.
For the Flat model (F ), we see that the coordinate Z
lies between −5 kpc and 5 kpc and has a mean value of
Zmean = −0.11, almost null. We also notice that the ra-
dius has a notable variation between the minimum and
maximum values, which results on a non-zero eccentric-
ity, with a value of e = 0.22. In addition, we found
that the mean value of the radius, Rmean = 17.9 kpc,
matches with the data given in the DR2 [2]. For the
Symmetric Warp model (S ), we show the XY projection
is similar to the Flat model and the values of R and e
match the previous model. However, the YZ projection
show an inclination of the orbits that results in an in-
crease of the extreme values of Z, with a Zmin = −7.38
kpc and Zmax = 8.16 kpc. Despite we reach the same
value of Zmean as before, now the altitude range is larger.
For the Lopsided Warp model (L), we see that the XY
projection and values of the radius and the eccentricity
still have similar values as before. Now though, we can
appreciate that the YZ projection is not lineal, but has
different declination in each side of the orbit. This results
in a bigger absolute value of Zmin than Zmas, despite it
still has a Zmean = −0.12 kpc.
The analysis of the distance to the Galactic plane for
each of the disc models leads to the following conclusions:
As for the Flat model, the behaviour is an expected ver-
tical oscillation with Zmean almost null. When using the
warped models, either symmetric or lopsided, we obtain
that, in mean, the open cluster trajectory lies at the up
or down side of the Galactic plane imposed by the model.
The crossings to the Galactic plane do not always hap-
pen when crossing the imposed line-of-nodes (the x-axis).
This could suggest that the line-of-nodes of the Galac-
tic plane does not correspond to the one imposed in the
model.
In the temporal analysis of the bottom panel, we veri-
fied the trajectory is evenly distributed without favouring
any position in the space, which suggests that the current
high value of altitude is just a coincidence.
C. Berkeley 29
Analogously, in Fig. 4 we show the XY (top panels)
and YZ (bottom panels) projections of the orbit followed
by Berkeley 29 computed using the three Galactic mod-
els described in Sect. III, namely the Flat model (F ),
the Symmetric warp model (S ) and the Lopsided warp
model (L) (left, middle and right panels, respectively).
The XY projection is colour-coded by the distance Z to
the Galactic plane and the black dot marks the present
position, while the YZ projection is colour-coded by the
backwards integration time, being zero the present time.
We currently find the cluster in the heliocentric coordi-
nates (X,Y, Z) = (−18.1,−5.9, 2.7) kpc.
The first row of plots correspond to the Flat model
(F ) adjustment. The XY projection shows that the clus-
ter has a greater variation in its radius than the case
of Berkeley 20. Now, the Rmin is significantly different
than Rmax, which results in a grater eccentricity, with
a value of e = 0.43. Also, the mean value of the ra-
dius is Rmean = 19.0 and matches the data given in DR2
[2]. Moreover, Zmin is similar to Zmax and the mean
value of the latitude is almost zero. For the Symmetric
Warp model (S ), the XY projection and the values of
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FIG. 3: For Berkeley 20, Top: XY projection which is colour-coded by the distance Z to the Galactic plane. Bottom: YZ
projection which is colour-coded by the backwards integration time from its birth to the present moment. Left : Flat model.
Middle: Symmetric warp model. Right : Lopsided warp model. The black dot indicate the current position of the cluster.
R and e are similar to the previous model. Regarding
latitude, we observe that Zmin = −15, 2 kpc, which has
a greater absolute value than Zmax = 11.0 kpc. This
may lead us to think that Berkeley 29 spends most of its
lifespan with negative latitude, but the positive value of
Zmean = 0.5 kpc suggests the opposite. For the Lopsided
Warp model (S ), we have similar values of the radius and
the eccentricity as before. We also notice that Zmin is
very negative and |Zmin| >> |Zmax|, but with a lesser
extent than before. Now, Zmean = 0.52 kpc that suggest
a slight tendency of Berkeley 29 to be in the upper plane
of latitude.
In this case, the analysis of the distance from the
Galactic plane indicates a similar pattern to that of the
cluster Berkeley 20. The particularity of Berkeley 29 is
that, at the present time, it is located above the Galac-
tic plane, when it should be slightly below it. From the
trajectory using the warped models, either symmetric or
lopsided, we see that at birth it was located above the
Galactic plane, as we would expect, and at the last revo-
lution around the Galactic centre the trajectory tilts up-
wards. We note that the crossings to the Galactic plane
do not occur either when crossing the imposed line-of-
nodes (x-axis), and as we suggest for Berkeley 20, the
real line-of-nodes might not coincide with the imposed in
the model.
In the temporal analysis of the bottom panel, we see
that in the early stage of the cluster it seems like it had
a flat behaviour and deviated over time with the warp
models. We also notice that the used model changes
the birth position of the cluster, being (X,Y, Z)F =
(−25.2,−7.6,−2.6) kpc, (X,Y, Z)S = (−27.2, 4.3, 3.9)
kpc and (X,Y, Z)L = (−27.1, 1.7, 4.5) kpc. We expect
differences between the different models, but the detailed
analysis of them is not the aim of this project.
VI. CONCLUSIONS
In this work, we wanted to contribute to the debate
on whether Berkeley 20 and Berkeley 29 belong to the
disc or they have a halo origin. With our study, we show
that the models match the kinetic behaviour of the two
clusters so we favour the disc origin.
We also saw that the current low latitude of Berkeley
20 is purely coincidental because it is evenly distributed
over time through the orbit. We noticed that despite it
may look like Berkeley 29 spent most of its life in nega-
tive values of Z, it actually has a positive Zmean, which
suggests the cluster had a tendency of being above the
Galaxy plane.
Finally, from the analysis of the distance of the clus-
ter from the Galactic plane, the orbital analysis suggest
that the real line-of-nodes may not coincide with the im-
posed in the warped models (x-axis). This possibility
is in agreement with the results found in the literature
based on Cepheids [12] and [13] and based on GaiaDR2
young OB and RGB populations [7] and [14].
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